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The 2.4 A crystal structure of the Escherichia coli
aspartyl-tRNA synthetase (AspRS)-tRNASP—aspartyl-
adenylate complex shows the two substrates poised for
the transfer of the aspartic acid moiety from the
adenylate to the 3-hydroxyl of the terminal adenosine
of the tRNA. A general molecular mechanism is pro-
posed for the second step of the aspartylation reaction
that accounts for the observed conformational changes,
notably in the active site pocket. The stabilization of
the transition state is mediated essentially by two amino
acids: the class Il invariant arginine of motif 2 and
the eubacterial-specific GIn231, which in eukaryotes
and archaea is replaced by a structurally non-homolog-
ous serine. Two archetypal RNA—protein modes of
interactions are observed: the anticodon stem-loop,
including the wobble base Q, binds to the N-terminal
B-barrel domain through direct protein—RNA inter-
actions, while the binding of the acceptor stem involves
both direct and water-mediated hydrogen bonds in an
original recognition scheme.
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Introduction

placement mechanism with the formation of a penta-
coordinated phosphorus transition state. The binding of
the ATP and amino acid necessary for the formation of
the energy-rich aminoacyl-adenylate was described for
different systems in enzymes of both classes (for a review,
see First, 1998). The first high-resolution structure of an
aminoacyl-adenylate formed in a crystal of a class Il aaRS
was observed in the structure ®@hermus thermophilus
aspartyl-tRNA synthetase (Poterszneral,, 1994). How-
ever, it is only recently that the various steps of the
aspartyl-adenylate formation could be described at very
high resolution in the archaeBlyrococcus kodakaraensis
KOD AspRS (Schmitet al,, 1998). This structure provided

a model also valid for eukaryotic AspRSs based on
the high conservation of the catalytic site residues in
both worlds.

Our present understanding of the second step of the
aminoacylation reaction, the transfer of the amino acid
moiety from the adenylate to the tRNA, is essentially
based on the study of the glutaminyl system for class |
aaRSs (Roulet al., 1989; Peronat al,, 1991; Rattet al,
1998) and of yeast AspRS for class Il enzymes (Ruff
et al, 1991; Cavarelliet al, 1994). In the present study,
we describe the crystal structure of the active eubacterial
(Escherichia coli class Il complex between AspRS,
tRNAASP and aspartyl-adenylate. This structure presents
the best available resolution for a comprehensive descrip-
tion of an active form of an aaRS—tRNA complex. It
highlights the role of water molecules in the recognition
of the substrates and provides a clear picture of the side
chains of all amino acid residues involved in the second
step of the aspartylation reaction. A molecular mechanism
that accounts for the observed conformational changes
and provides an explanation for the conservation of all
amino acid residues involved can now be proposed. This

The aminoacylation reaction is a key step in the translation work reveals the characteristics of eubacterial enzymes as
opposed to those from eukaryotes and archaea, and has

of genetic information. Each aminoacyl-tRNA synthetase ) o i
(aaRS) catalyses the specific attachment of its amino acidp(?]t%r.]tt'al appl(ljcat|or1ti ‘;Of thl?j .dﬁ_\{)gtlopm?ﬂt of Spe(&"f'c
substrate to the'3extremity of its cognate tRNA through Inni |bors, 8. rr1ugs at would In IFI apa olgelngg)én e
a two-step reaction: the activation of the amino acid @S€Putnotits human counterpart (Francléyal, ).
substrate by ATP in the presence of magnesium followed
by the transfer of the amino acid moiety to the tRNA. Results
This reaction is performed in two topologically distinct
types of active sites reflected in the partition of aaRSs Overview
based on their sequences and biochemical characteristic global view of the dimeric complex is shown in
(Eriani et al, 1990a). Class | and Il aaRSs aminoacylate Figure 1A; its approximate dimensions are 815 X
the 2 OH and 3 OH of the 3-terminal ribose, respectively. 130 A. A continuous electron density allowed precise
Although the aminoacylation reaction proceeds in both model building of the enzyme, tRNA and aspartyl-
classes through an essentially conserved chemical mechanadenylate with correct geometry. The structure of the
ism (Arnez and Moras, 1997), the strategy for the specific E.coli AspRS resembles that of tieghermophilugnzyme
recognition of the amino acid and tRNA substrates is (Delarueet al, 1994) with a large dimeric interface of
unigue to each synthetase. 5200 A2 (Figure 1A). Each monomer is made up of four
The first step of the aminoacylation reaction, the activa- modules (Delarue and Moras, 1993) as shown in Figure 1B
tion step, proceeds through an in-line nucleophilic dis- and C: (i) the N-terminal domain responsible for the tRNA
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Fig. 1. (A) CPK representation of the dimerie.coli AspRS—tRNA'SP complex. The protein subunits are coloured in yellow and cyan with their

cognate tRNAs in blue and orange, respectiveB). Ribbon representation of one monomer of the complex showing the domain architecture of

AspRS with: (i) the N-terminal domain (residues 1-108) coloured in yellow; (ii) the small hinge module (residues 109-131) in red; (iii) the catalytic
domain (residues 132-270 and 422-585) in grey; and (iv) the insertion domain characteristic of eubacterial ASpRSs (residues 271-421) in blue. The
three signature motifs characteristic of class Il aaRSs are shown in green (motif 1), cyan (motif 2) and magenta (motif 3). The tRNA is shown in
orange. C) Topology diagram oE.coli AspRS. Thef3-strands are represented as arrows and the helices as rods. Motif 1 is coloured in green, motif

2 in cyan and motif 3 in magenta. The same colour code is used for both (B) and (C). Figures 1-4 were generated using the Program SETOR
(Evans, 1998).

anticodon recognition (this module resembles the OB-fold signature motifs characteristic of class Il aaRSs and
as defined by Murzin, 1993) formed by a five-stranded the C-terminal extension specific to eubacterial AspRSs
B-barrel with ana-helix between strands S3 and S4, also (Delarueet al, 1994); and (iv) a large insertion domain
interacting with the catalytic domain of the other subunit; characteristic of eubacterial AspRS located between
(i) a small hinge domain encompassing a loop of variable motifs 2 and 3 of the catalytic site and composed of a
sequence and length involved in tRNA recognition fol- five-stranded antiparall@-sheet flanked by aa-helix on
lowed by a helix-loop—helix motif conserved in all one side and two helices on the other side. Each domain
AspRSs; (iii) the catalytic domain comprising the three superposes well with its counterpartiinthermophilugree
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enzyme. However, when the superposition is optimized does not participate in the recognition of this base but could
for the catalytic domains, rigid body rotations of 4° and act as an antideterminant, in agreement with mutagenesis
9° are required to superpose the N-terminal and the experiments (P et al, 1991; Martinet al,, 1993). GIn93,
eubacterial insertion domains. These conformational which interacts with the N1 and N2 atoms of the purine
changes may be associated with tRNA binding. ring, is also conserved in AsnRSs. The wobble base of
Each tRNA molecule interacts only with one monomer tRNA”S"is G or Q as in tRNASP, suggesting a conserved
and makes contacts with the four domains of the protein mode of interaction with their synthetases. However, the
(Figure 1B). The three-dimensional structure of tRIA hydrogen bonds with Arg76 and Asn82 are specific to the
is very similar to that of tRNASP from yeast, as observed E.coli complex. These amino acids belong to a loop
in the yeast AspRS—tRN&P complex. The angle between located between thp-strands S4 and S5 of the OB-fold,
the two arms of the L-shaped molecule is 93°, significantly which is also involved in the binding of C36.
smaller than the 110° observed in the free yeast tRIRA Base C36 differentiates the tRN® anticodon triplet
(Moraset al., 1980; Westhott al, 1985). The specificity ~ from that of tRNA", whose anticodon is G/QUU. The
of the recognition ofE.coli tRNAASP by AspRS is based N4 position of the base hydrogen-bonds with Asn82, the
upon eight identity elements, three of which are of major N3 position with Arg78 and the O2 position with Asn84.
importance (Nameket al, 1992). These are located in These interactions differ from those in the yeast AspRS
the anticodon loop (Q34 and U35) and the acceptor stemcomplex where the contacts are made with the protein
(the discriminator base G73) as shown in Figure 2A. The backbone (Cavarelliet al, 1994). In both cases, the
enzyme approaches the tRR® on its variable loop side  residues involved belong to the S4-S5 loop whose length
and binds on the inner side of the L, triggering direct or varies according to the three worlds of evolution. In some
water-mediated interactions with the four domains of one genomes of archaea, the absence of an AsnRS has been
synthetase subunit. Most interactions with the anticodon noted and Asn-tRNAS" is synthesized through a trans-
loop from C32 to C38 and the single-strandédECCA amidation reaction from Asp-tRN®&" (Curnow et al,
end are base-specific, while those with the double-stranded1996). In these organisms, the shorter S4-S5 loop allows
acceptor stem involve mainly the ribose—phosphate back-a C or a U to be accommodated (Schreittal, 1998) by
bone. Water molecules involved in tRNA recognition removing C-specific interactions.
could clearly be identified and are characterized by com-

paratively low temperature factors. Acceptor arm recognition
At the corner of the L, the hinge domain of the AspRS
Anticodon loop recognition comes into contact with the minor groove side of the D

The mode of binding of the anticodon stem and loop of stem and C67 on the acceptor stem (Figure 1B). The
the tRNA to the N-terminal domain of AspRS is similar identity determinant G10 is bound specifically to Asp111.
to what was described in the previous complexes of Other interactions involve ribose—phosphate groups of the
subclass b synthetases (Cavaretial, 1994; Cusack D stem (Table II). All these interactions contribute to
et al, 1996). The similarity is especially marked for U35, position the tRNA by anchoring the acceptor arm.
a major identity determinant in all tRNA partners of The acceptor stem of the tRNA is positioned in a cleft
this group of synthetases (AspRS, AsnRS and LysRS). formed by the insertion domain and the catalytic site
Interactions take place with Phe35 (stacking), Arg28 (Figure 2C). Several loops and helices of AspRS are in
and GIn46, all three conserved in class llb enzymes. contact with the tRNA acceptor stem: a mobile loop called
Hydrophobic residues play a major role in imposing the the flipping loop as defined in Schmit al. (1998) (see
conformation of the loop, where bases 33—-37 unstack andDiscussion below), the motif 2 loop (a signature peptide
bulge out. In particular, Leu30 intercalates between the of class Il aaRSs), a histidine loop, which is a eubacterial
non-Watson—Crick loop closing base pair C32—C38 and AspRS-specific motif located on the N-terminal side of
the ribose—phosphate chain of nucleotides U33, Q34 andmotif 3, the C-terminal extremity and two helices from
U35. The loop conformation is stabilized further by intra- the insertion domain (Figure 2C). The tRNA arm is fully
RNA hydrogen bonds betweeri @H of ribose U35 and  solvated by a layer of water molecules. It contacts the
04’ of C38, and between’2H of ribose C38 and O2P insertion domain through water-mediated interactions only,
of C36. The anticodon bases U35 and C36 sit in a while on the catalytic domain side both water-mediated
hydrophobic pocket lined by residues Leu33, Phe35 andand direct protein-RNA interactions are observed
Phe48 and interact specifically with the enzyme. The base(Table Il). Base-specific contacts are formed with G73
2-methyl-A37 bulges out like the 1-methyl-G37 in the and C74. The amino acids involved belong to the motif
yeast complex. While the N2 atom of 1-methyl-G37 in 2 loop. The discriminator base G73 binds to Asp220 and
the yeast tRNASP interacts with the phosphate group of Arg222, both conserved within all eubacterial AspRSs
U25, no such interaction is observed in theolicomplex. sequences. Base C74 interacts with Arg225 and its ribose
Two main differences characterize tRecoli complex. with Glu219, both residues being conserved in all ASpRSs.
First, compared with the yeast tRN#®, theE.colitRNAASP Neither the first base pair G1-C72, nor the second base
has a hypermodified base queuine at position 34. Figure 2Bpair G2—C71, a minor determinant, make any direct base-
shows four hydrogen bonds made with the purine ring specific interactions with the protein.
and the ribose. No specific interaction is made with the At the level of the tRNA, an interesting conformational
bulky modification of the Q base. The 4¢ks-dihydroxy- change is observed. The acceptor stem contains a wobble
1-cyclopentenyl-3-aminomethyl (DHCPAM) group points pair, G4-U69, which, when changed to A4-U69 or G4—
away from the tRNA backbone and does not engage in C69, has a small effect on aminoacylation (Nametkal.,
any polar interaction with the protein. This implies that it 1992). The backbone dihedral anglesandy of G4 are
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histiding loop,

C D
Fig. 2. (A) Cloverleaf representation d&.coli tRNA*SP, The circles indicate the positions of the identity elements according to Nazheki(1992).
Red circles correspond to major identity elements and yellow circles to minor determirgnésgRS—wobble base interaction: hydrogen bonds
between the protein and Q34 are shown as yellow dotted lines. Oxygen atoms are represented in red, nitrogen atoms in blue. The N1 and N2 atoms
of the purine ring interact with the carboxyl side chain of Glu93, O6 makes a salt bridge with Arg76 andQ@ikedoup hydrogen-bonds to
Asn82. The loop between strands S4 and S5, which is missing in archaeal AspRSs, is represented ifQ)rasgRI—tRNASP acceptor stem
contacts: the interacting loops and helices from the AspRS catalytic domain and the eubacterial insertion domain are shown in red. These include the
flipping loop (residues 167-173), the motif 2 loop (residues 216-228), the histidine loop (a eubacterial aspartic acid specific motif located on the
N-terminal side of motif 3, residues 436—449), the C-terminal extremity (residues 544-565) and two helices belonging to the insertion domain
(residues 335-344 and 399-409)) (Pattern of solvation around the G-U pair. The electron density map shown results fieggsa Feaic
synthesis and is contoured at 1.0 standard deviation.

gauche/gauché, a regular RNA conformation, while they An unexpected observation derived from the present
are trandtrans in the free tRNA. This is most likely to  structure concerns the recognition patterns of the acceptor
be the result of the tRNA binding to the protein. The free arm of the tRNAs. In yeast, the protein—tRNA interactions
functional groups of the purine—pyrimidine G-U mismatch are concentrated at the acceptor end of the arm, a feature
are hydrogen bonded to solvent molecules (Figure 2D) characteristic of eukaryotes and probably of archaea, as
with a pattern of solvation similar to that observed in deduced from sequence conservationElnoli and most
other G-U-containing structures (Biswat al, 1997; likely in all eubacteria, the numerous interactions are
Ramos and Varani, 1997). located all along the acceptor arm.
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Table I. Data collection and refinement statistics for AspRS—tRRPA

aspartyl-adenylate complex

Data set

Resolution (A) 12-2.4

No. of unique reflections 46 618

Redundancy 5.6

Completeness () 98.1 (93.2)

Reym (1) (%)° 5.9 (21.4)

Refinement statistics

R-factor (%) 20.1

No. of reflections in working set 43 082 (90.7%)
FreeR-factor (%) 24.9

No. of reflections in test set 3536 (7.4%)

No. of water molecules 514

AverageB-factor (A%) 28.9
enzyme 24.3
tRNA 42.2
aspartyl-adenylate 17.3
water 29.9

R.m.s. deviation
bond lengths (A) 0.006
bond angles (°) 1.324
dihedral (°) 26.731

aThe values in parentheses correspond to the last shell of resolution

(2.46-2.4 A).

bRsym (0=

thlzi [l

thlzi M Hniail where i represents one measure of
reflection hkl.

Table II. Direct and water-mediated hydrogen bond interactions in the
E.coli AspRS—tRNASP-aspartyl-adenylate complex between the tRNA
and the protein from the same subunit

Acceptor stem D stem

C75 0O2.... W...A\2 Arg537 G10 N2............. @2.....Asp111
C74 NS3............ N1 Arg225 Ull O2........... &P.....His114
C74 O2............ N2 Arg225 U1l O2.......... @1.....Asn116
C74 O2 ... @2 Glu219 U122 O2P........\0.....Thr1l7
C74 0O2..... W...€2 Glu219 U122 O2P.......... NH......Thr117
C74 0O2..... W...NH Asp220 U12 Q2V....CO.....Valll5
C74 N4.... W...NL Arg225 U25 02 ........... @2.....Asp 111
C74 0O2...W...M2 Argl74 U25 O2.......... @1.....Asn113
G73 Nl.......... 8l Asp220 A26 O2P.W..AD....Asn 65
G73 O6......cc..... N1  Arg222

G73 N7.ooiin N2 Arg222

G73 O2P...W....Nz Lys400

G73 O2P...W...6L Asp404 Anticodon stem and loop

G73 N2..W...B8L
G73 N2....W..iL
C72 O1P ... e
C72 02...W....CO

Asp220
Argl8F
Arg222

1le343

C27 O2P.W...JD.....Asn65
C27 O1P.W....N1...Arg27
C28 O1P........ N......Arg64

C72 O2P..W..@ Tyr344 U33 O5.... @.......Ser32
C72 N4....W...CO Leu221 Q34 Ni..... @l....Glug3
C71 O1P........ NH  Ala223
C71 OZ..W...® Tyr3s4
C71 O2P..W...62 Asp224
U70 O2P......... N2 Arg549
U70 O4....W...Q Thr558
U69 O2P.... NL Arg549
U69 OI1P.... NH  Thr558
G68 O2P..... ® Thrs57
G68 OIP..W...Q Thr558
C67 OZ .. @1 Glul19
C67 O2...W...6& Glull9
G6 N2...W...6 Glull9

3Arg181 belongs to the second subunit.
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The active site pocket

The aspartyl-adenylate molecule lies at the bottom of the
catalytic domain, stretched on the antiparafietheet and
held in place by a network of interactions illustrated in
Figure 3A. The residues involved belong principally to
the class Il motifs 2 and 3 and to an AspRS invariant
LXQ(S/A)PQXXKQ sequence (residues 190-199). It is
remarkable to note that this motif alone allows retrieval
of all AspRSs in sequence databases.

A superposition of the catalytic site of this complex
with the other known three-dimensional structures of
AspRSs shows the strict conservation of the position
and conformation of the aspartyl-adenylate. The various
aspartyl-adenylates superpose with an r.m.s. difference of
<0.7 A and the ribose adopts a conserved @&do
conformation. The ATP and aspartic acid substrates indi-
vidually have been shown to be superposable on their
corresponding counterparts in the aspartyl-adenylate com-
plex (Schmittet al., 1998). The present study shows that
this remains true even in the presence of the tRNA.

The aspartic acid moiety is anchored by several AspRSs
invariants: Arg489, Lys198, GIn195, Asp233 and Serl193
(Figure 3A). The water molecule, which bridges the amino
group of the aspartyl-adenylate with Asp233 and Ser193,
was also observed in the structures Pkodakaraensis
KOD and T.thermophilusenzymes. The AMP moiety is
positioned by class Il invariants (Phe229, Arg217 and
Arg537) and by AspRSs conserved residues (GIn192,
Asp475 and Glu482). Main chain interactions anchor the
adenine moiety that is sandwiched between the class
Il conserved motif 3 arginine (Arg537) and motif 2
phenylalanine (Phe229) (Figure 3A).

Among the residues responsible for the recognition of
the aspartyl-adenylate, two are specific for eubacteria. The
most important contribution is that of GIn231, which
interacts through its &lwith the a-phosphate (09 and
carbonyl atom of the aspartyl-adenylate (Figure 3B). This
interaction, first observed in th&thermophilusAspRS,
is not present in archaeal or eukaryotic AsSpRSs. Instead,
in these enzymes, a serine located in a different strand of
the catalytic3-sheet (Ser364 in the kodakaraensis KOD
AspRS and Ser481 in the yeast AspRS) appears to play
a similar important role, as shown in Figure 3B. The
second is His448, a eubacterial conserved residue with no
direct equivalent in eukaryotes or archaea (Figure 3A and
B). It interacts specifically with the ®of the aspartyl-
adenylate and contributes to a water-mediated recognition
of the a-phosphate. In the absence of aspartyl-adenylate,
the histidine side chain faces the solvent (data not shown).
His448 belongs to the H(H/NJ-(T/S) sequence (histidine
loop) conserved in all eubacteria, which corresponds to
the (R/IK)PFYX sequence found in all eukaryotic and
archaebacterial AspRSs.

At the tRNA acceptor end, the base of the terminal
adenosine sits on top of the aspartyl-adenylate, in a large
and open pocket, flanked on one side by a hydrophobic
surface (Leul96, Pro450, Phe451 and Phe514)
(Figure 4A). The flipping loop together with the conserved
AspRS invariant sequence [LXQ(S/A)PQXXKQ] and the
histidine loop [H(H/NAF(T/S)] constitute the other faces
of the binding site. The base is fixed in the pocket through
interactions between N6 and the side chain hydroxyl of
Thr169 and the main chain carbonyl of Prol70, two



The second step of aspartyl-tRNAAsP synthesis

A

Fig. 3. (A) Recognition of the aspartyl-adenylate (in green) by Eheoli ASpRS. The protein oxygen atoms are represented in red and the nitrogen

atoms in blue. The hydrogen bonds between the protein and its substrate are shown as yellow dotted lines. Five water molecules directly responsible
for the recognition of the substrate are represented as red spt@y&ricture of the AspRS—aspartyl-adenylate compleR kodakaraensis KOD

The stabilization of the intermediate states is mediated essentially by the conserved arginine of motif 2 (not shown in this figure) and a second
residue specific to eubacteria (GIn231Hrcoli) or to eukaryotes and archaebacteria (Ser36R kodakaraensis KOD The two residues are located

on two different strands of thg-sheet and are therefore not structurally homologous. The residue homologous to the eubacterial glutamine is not
conserved within eukaryotes and archaebacteria (Ser2Pkaulakaraensis KORnd Gly340 in yeast). His448 iB.coli and Lys336 in

P.kodakaraensis KOprovide another example of the differences associated with each division.

residues of the flipping loop. The ribose is held in place repressor—operator system where water-mediated contacts
by Ser193, conserved in all AspRSs. A superposition of contribute to specificity (Otwinowsket al, 1988). A

the active sites of the yeast afdcoli complexes shows  hybrid situation is observed at the interface between the
the identical positioning of A76 in the two structures, catalytic domain of the synthetase and the acceptor stem
with an r.m.s. difference of 0.5 A. of the tRNA. The recognition process involves direct
and water-mediated interactions (Table II) and proceeds
through mutual conformational adjustments of the tRNA
and synthetase (the flipping and motif 2 loops, and the
The role of water molecules in tRNA recognition C-terminal extremity of the synthetase). These conforma-
Water molecules are found to play important roles at tional changes can be deduced from the structures of
protein—nucleic acid interfaces; they fill cavities or sur- the freeE.coli enzyme (B.Rees, G.Webster, M.Boeglin,
round the regions where protein and nucleic acid atoms A.C.Dock-Bregeon and D.Moras, in preparation) and of
in contact are fully buried (Nadassst al, 1999). The a complex between tHe.coli tRNAASP andT.thermophilus
structure of the AspRS—tRNAP complex shows an  enzyme (C.Briand, A.Poterszman, G.Webster, J.C.Thierry
extensive contact surface including direct and solvent- and D.Moras, in preparation).

mediated hydrogen bonds. Due to the high quality of The presence of water molecules could be associated
the electron density map and the resolution, the water with the need for larger adaptability and dynamics during
molecules found at the interface between the tRNA and recognition. In contrast, each time a specificity of recogni-
the synthetase (see Table Il) have been located reliably.tion and/or a precise positioning of the substrates is
Their distribution varies from one domain to the other required (i.e. for the catalysis), the system will tend as
and appears to depend on the role of each domain in themuch as possible to avoid water-mediated interactions.
recognition process. Two extreme situations are observed.

(i) The N-terminal domain anchors the anticodon loop of The transfer of the aspartic acid moiety to the

the tRNA through direct hydrophobic and hydrogen bond- 3' OH of A76, the role of the flipping loop

ing interactions, which contribute to the specific recogni- tRNA—-aaRS interactions have a unique goal: the precise
tion of the two molecules, in agreement with the presence positioning of the 3 OH of the ribose of A76 of the

of four out of the eight specificity determinants. No water cognate tRNA in the catalytic site of the enzyme in order
molecules are seen at this interface. (ii) The acceptor stemto permit the transfer of the amino acid moiety from the
binding involves mostly water-mediated interactions. More adenylate to tRNA. The location of A76 can vary with
than 20 water molecules build a shell at the interface the presence and nature of the other substrates (ATP or
between the insertion domain and the tRNA through a aspartic acid). Different conformations have been observed
network of hydrogen bonds, of which only three are in the crystal structure of the heterologdti€oli ASpRS—
direct protein—~water—RNA contacts. The layer of water yeast tRNASP complex (in preparation). A76 gets into its
molecules could favour a dynamic recognition by the ‘functional’ location in the active site of the enzyme in a
formation of a network of non-specific and versatile concerted movementwith the flipping loop. When compar-
water-mediated interactions, in contrast to the tryptophaning all known three-dimensional structures of AspRSs

Discussion
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B C

Fig. 4. (A) Recognition of the terminal adenosine of tRA¥A by the catalytic site of AspRS i&.coli. The tRNA molecule is shown in purple, the
aspartyl-adenylate in green and the enzyme in grey, with the oxygen atoms in red and the nitrogen atoms in blue. The loops involved in the binding
of A76 are coloured in orange (flipping loop, residues 167-173) and blue [residues 192-196 of the AspRS invariant LXQ(S/A)PQXXKQ sequence].
The residues of the synthetase forming the hydrophobic surface of the recognition pocket (Pro450, Phe451, Leul96 and Phe514) are also shown.
Thr169 and the carbonyl group of Pro170 fix the position of the base, while Ser193 specifically binds to and orients the ribose by interacting with its
2' OH. The ribose also interacts through its@QH with the amino group of the aspartic acid moiety, while théd8 is in a position favouring both

(i) the transfer of its proton to one of the oxygen atoms ofdhehosphate of the AMP moiety and (ii) the nucleophilic attack by thexygen

atom of A76 on thex-carbonyl carbon of the aspartyl-adenylat®) Structure of the yeast AspRS—tRR®R-aspartyl-adenylate complex with the

flipping loop coloured in orange in its ‘open’ conformation. The loop contributes to the positioning of A76 in order to permit the transfer of the
aspartic acid to the ribosé 8xygen. C) Structure of theP.kodakaraensis KOspRS—aspartyl-adenylate complex with the flipping loop coloured

in yellow in its ‘closed’ conformation.

complexed with their different substrates, it appears that to the enzyme and when the tRNA is absent. This
the ‘flipping loop’ can adopt an ‘open’ or a ‘closed’ has been observed in the structures of AspRS from
conformation (Figure 4). Each of the two conformations T.thermophilugPoterszmaret al, 1994) andP.kodakara-
can be associated with a specific role depending on theenss (Schmittet al., 1998). The side chain carboxylate
presence of the substrates. The flipping loop is closed of the conserved glutamic acid (Glul71 HEcoli and
when the aspartic acid or the aspartyl-adenylate is boundGlul70 in P.kodakaraens)sblocks the amino group of
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the aspartic acid in its recognition site as shown on .., |,
Figure 4C. The open conformation of the flipping loop is I 0

encountered in two situations. First, it allows the amino 0 .. .

acid to get into its recognition site, as observed in N N7 FNA

the structures of apo AspRSs fromi.thermophilus h{' N 4 R217
P.kodakaraensiandE.coli, and in the structure of AspRS A76 N \gfz"“l LN

from P.kodakaraensisomplexed with ATP. Secondly, it 198 wd bs 0N %NH

no longer interacts with the aspartyl-adenylate but is A SN
responsible for the accurate recognition and positioning H\ A0

of the terminal adenine of the tRNA through main chain N

interactions with N6 of the adenine, as seeninthe’:\?tructures ¢ ' /\ - FN NH,

of AspRSs complexed with their cognate tRf¥A in 0 of /[0, o N\)\(

the presence of aspartyl-adenylate (Figure 4A and B). >—>_1L\J°) Lg -
The flipping loop anchors the base of A76 in a way A ° . oM

that allows the formation of three interactions essential

for adopting the transfer step conformation (Figure 4A).

The 2 OH of the ribose interacts with both (i) the

conserved serine of the LXQ(S/A)PQXXKQ sequence  ezst

NH
and (ii) the amino group of the aspartyl-adenylate. For I 0
the few AspRSs that possess an alanine instead of a serine 0 ..

RN
.........

(three out of 54 known AspRS sequences), the asparagine ) _RNA

from the histidine loop can be modelled functionally to A76“¢N' N o j’ R325

replace the serine in order to interact either with the \g_z N

glutamate from the flipping loop or with the ribose of S801—_ .HO O HN%NH

A76. The 3 OH donates a hydrogen bond to the d&f A

the adenylate, which helps to orient the attacking 3 H\ R

oxygen and favours the uptake of the hydroxyl proton by HN' o o

the a-phosphate group. No AspRS residue or water o \p\ N\ NH,
molecule is seen to interact with the GH. This structure ) kojc/:/) OLUN a
differs from that observed in the case of the class | o 1, N
glutaminyl-tRNA synthetase complexed with tRRAand oH OH

a glutaminyl-adenylate analogue, where the nucleophilicity H

of the 2 oxygen is increased through a water-mediated B Ry

interaction with a glutamic acid residue (Rathal.,, 1998).

The conformation of A76 favours the nucleophilic adenylate, the ASpRS and the terminal adenine of R
attack of the 3 OH on thgla-carbony_l carpon of the  (a) E.coliand @) yeast with a modelled mechanism for the transfer
aspartyl-adenylate. Its position and orientation appear to of the aspartic moiety of the aspartyl-adenylate to th©Bl of
be strictly conserved in the structures of ASpRS complexes A76 of the tRNA. Arg217, a residue conserved in all ASpRSs, is
from yeast andE.coli and can be correlated with the 08 Beas el B otnr O epart-adenylate, This
conserved conformauon and position of the aSpartyI' arginine favours and stabilizes the negative charges on these two
ader_‘ylate as observed in all the structures of the ASpRSSoxygen atoms. A glutamine residue conserved in all eubacteria
studied so far. (Glu231 inE.coli) or a serine in eukaryotes and archaebacteria

The stabilization of the transition state is mediated by (39:]'481_in%ea]§t) a'?_o CorgtfibUtelto fﬁi_?fometthe f0|teh of 1h% afg:”ine

; ; ; ; ; :¢ residue in the formation of a nucleophilic centre on the carbony!

essen.tla”y two amino acid reSIdueS. (Flgure 5)’ the mo.tlf carbon atom. The transfer of the aspartic acid to the tRNA would
2 arginine (Arg217) and a glutamine (GIn231) that is roceed through the formation of a tetrahedral intermediate formed
conserved only in eubacteria and replaced by a serine induring the nucleophilic attack on the carbonyl carbon of the adenylate
the eukaryotic and archaeal AspRSs (Ser364 in by the oxygen of the 30H of A76. This 3 oxygen atom is within
P.kodakaraensis KO@nd Ser481 in yeast). GIn231 by interaction range of the electrophilic carbonyl carbon centre and well

. . . . f . oriented to allow the transfer of the aspartic acid to the tRNA. The
the polarization contribution of its amido nitrogen, and hydroxyl proton is within interaction range of the negatively charged

Arg217 act as electron attractors on the carbonyl OXYgen phosphate oxygen to be captured directly by the phosphate group.
of the aspartyl-adenylate and participate in the delocaliz-

ation of the negative charges of thhiephosphate. This is

the only eubacterial specificity in the mechanism of shows that eukaryotes and archaea are closely related in
transfer of the aspartic acid to the tRRE& Two variants the catalytic domain). The binding of the insertion domain,
of a general aspartylation mechanism can be proposedspecific to eubacteria, to the tRNA is not sequence
that take into account these conserved changes. One ispecific and all interactions are water mediated. The bulky
characteristic of eukaryotes and archaea and the other ofmodification of theE.coli hypermodified Q-base is not

Fig. 5. Schematic drawing of the interactions between the aspartyl-

eubacteria (Figure 5). involved in protein recognition. In contrast to these results,
two major differences between tiecoli and yeast com-
Concluding remarks plex can be pointed out: (i) the mode of recognition of

This study allows comparison of thecoli complex with the acceptor arm, which i&.coli binds to the enzyme all
that of yeast. These are prototypical of eubacteria and along the arm backbone, while in yeast the interactions
eukaryotes or archaea, respectively (sequence analysisre concentrated at the acceptor end; and (ii) the activation

6539



S.Eiler et al.

of the two steps of the reaction uses a glutamine in
eubacteria (GIn231 irk.coli), replaced by a serine in
eukaryotes (Ser481 in yeast) and archaea.

Altogether, the present structure provides an explanation

liquid ethane. Raw data (278 frames of 0.25° oscillation with a crystal—
image plate distance of 230 mm) were processed with the programs
DENZO and SCALEPACK (Otwinowski and Minor, 1996). The merging
R-value for all measurements was 5.9% (Table I).

for the conformational changes and the conservation of Structure determination and refinement

all amino acid residues involved in the aspartylation
reaction. For example, the role of the flipping loop, a
major player in the control of the two steps of the
aspartylation reaction, is now fully understood. In the
absence of tRNA, the serine of the LXQ(S/A)PQXXKQ
sequence and the glutamate of the flipping loop are
responsible for the stabilization of the aspartyl-adenylate
in its recognition site (Figure 4C). When the tRNA is
positioned correctly (Figure 4A and B), the glutamate

The structure was solved by the molecular replacement method with the
program AMoRe (Navaza, 1994) using the yeast AspRS—feRA
complex as the search model (Reffal, 1991). After determination of

the orientation and position of the monomer in the cell, the yeast enzyme
was replaced by thd.thermophilusAspRS (Delarueet al, 1994) in
order to take into account the large insertion domain present in eubacterial
AspRSs. The model was then improved by rigid body refinement and
several rounds of model building and simulated annealing with the
program CNS (Bingeret al, 1998) using the bulk solvent correction

as implemented in CNS. Water molecules were added at positive peaks
over 3.50 in the F, — F¢) maps. In the final stage, cartesian coordinate

flips towards the solvent and the serine binds the ribose refinement was followed by individud-factor refinement. The model-

of A76. The ‘opening’ or ‘closing’ of the flipping loop is

achieved by anchoring its two extremities through direct
interactions between the main chain amino group of
Thr166 and the carbonyl group of Alal89 at one end, and

ling operations were done with the program O (Joeeal, 1991).

The model contains one monomer of AspRS, one tRNA molecule,
one aspartyl-adenylate substrate and 514 water molecules. The enzyme
is lacking five residues out of 590 at the C-terminal end. The quality of
the refined model was assessed using the Biotech Validation Suite for

between Alal73 and GIn192 at the other end. These Protein Structures (Woda&t al, 1995). The crystallographiB-factor
interactions are conserved in all structures examined SOis 20.1% using all reflections between 12 and 2.4 A with no cut-off

far in the AspRS system.
In addition, the novel description of water in tRNA—

(Riree = 24.9%). The averag8-factor for all non-hydrogen atoms is
29.3 A, a value in agreement with the over8ifactor determined by
Wilson plot on the collected dat@(= 34.5 A). The r.m.s. coordinate

synthetase interactions offers new perspectives for RNA error is 0.36 A as estimated by the method of Luzzati (1952). The model

recognition. Notably the role of the solvent molecules in
the selectivity process needs further investigations.

Materials and methods

Expression and purification
The E.coli AspRS gene was cloned in pBR322 and expressed in
XL1Blue. The recombinant protein was purified in two chromatographic
steps adapted from Eriaeit al. (1990b) using a Q-Sepharose column
and a Toyopearl TSK Butyl column.

Overproduction of tRNASP was carried out by growing cultures of
E.coli cells transformed by the plasmid pTrc99-B-tDRR (Martin
et al, 1993). tRNA'SP represents 40% of the total RNA extracted from

shows good geometry and stereochemistry as analysed using the program
PROCHECK (Laskowsket al, 1993). All angles but oneq( ) are

within the allowed regions of the Ramachandran plot, with 91% in the
most favoured regions. Despite our efforts in rebuilding the Glul71 in
the electron density, the refinement brings this residue outside the
allowed regions of the Ramachandran plot.
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